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A complete coupled model of the environmentally-induced degradation of composite materials, and

the effect of this degradation on composite laminate behavior, is presented. Although the model is

not sufficiently mature for predictive design use, it provides major insights into the mechanisms of

degradation of composite materials. The model is used to study test methods frequently used to

assess composite durability, including weight loss, shrinkage, and mechanical property

degradation testing. It is found that even simple tests of material undergoing environmentally-

induced degradation are difficult to interpret. In particular, the spatial non-uniformity of

degradation converts originally simple specimens into complex structures with non-uniform

chemical and mechanical states. Consideration of this complexity is vital to the full understanding

of the results of such tests.



Composite materials are increasingly used in demanding structural applications, exposed to

harsh environmental conditions. The durability of such materials is a major concern, potentially

limiting both the integrity of the structures and their useful lifetime. High temperatures, thermal

cycling, and exposure to moisture, oils, and solvents all accelerate the degradation of composites.

Hence, application of composites to structures such as turbine engine components and high speed

aircraft airframes may be ultimately limited by durability issues.

The present work is an attempt at developing an overall understanding of the mechanisms

involved in composite degradation using a material modeling approach. A coupled model

incorporating diffusion of oxygen into the material, degradation chemistry, matrix shrinkage and

property loss, resulting effects on the ply and laminate level, and structural behavior of the

degraded laminate is presented.

The model is used to replicate the results of a number of tests commonly used to study

degradation effects in composite materials. Weight loss from rectangular prism specimens, the

shrinkage and cracking of such specimens, cracking of laminates, and the degradation of measured

properties from bending tests are all simulated as functions of time, temperature, and

environmental conditions. The results are correlated with test results. They are also explored in

detail using parametric studies to elucidate the mechanisms responsible for the behaviors observed.

Background

Extensive testing has been carried out to characterize the performance of polymer matrix

composites at high temperatures. This paper will concentrate on a commonly used material

system, the NASA-Lewis developed PMR polyimide material. Other materials, notably other

polyimide thermosets, and thermoplastic materials such as PEEK, have also been included in aging

studies. Many of the phenomena observed are similar to those reported for PMR materials.

Recent development efforts in the PMR material system are discussed in [1]. Most testing has

concentrated on isothermal aging, i.e. the effects of continuous soaking at a single high

temperature [2-12].

Experimental studies of the effects of aging at elevated temperatures can be divided into two

categories-aging in inert atmospheres and aging in air. They can also be divided by the nature of

the material tested. Various investigations have considered neat resin [7,13], bare fibers [6] and

composite materials [6,8,12,14,15]. Only limited correlation exists between individual studies.

Neat resin studies provide insight into major composite degradation mechanisms. The

observed effects of long term aging on neat resin include specimen weight loss, specimen

shrinkage, the formation of a distinct surface layer, development of surface microcracks and the

degradation of mechanical properties. Weight loss appears to be the result of two mechanisms-

thermal and oxidative. Thermal weight loss occurs within the first 100-200 hours of aging, is a

bulk mechanism, i.e. depends only on specimen volume, and does not alter the physical nature of

the polymer significantly, i.e. there is no evidence of an altered layer on the surface, voids or

cracks [11 ].

Oxidative weight loss occurs throughout the aging periods observed. Over extended aging

times a distinctive thin layer forms on the exposed surfaces and progresses inward. The surface

layer exhibits a different chemical composition than the unreacted core material [7, 12]. Voids

develop within the surface layer and increase in size and density over time. These voids act as

starter points for microcracks which grow from the exposed surface. Similarity of observed

surface layer growth rates and weight loss rates [7] suggests that the weight loss occurs primarily
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in thedegradedsurfacelayer. Shrinkageof thepolymeris alsoobserved.It resultsin dimensional
changesthataresensitiveto specimengeometry.

Unidirectionalcompositesdemonstratesimilardegradationmechanismsto theneatresin,
althoughtheweightlossis lesssevere.Weightlossappearsto bedependentuponthematrix
volumefraction [14]. Unidirectionalcompositesalsoexhibitdifferentratesof growthof surface
degradationlayersin eachof thethreeprincipaldirections-axial,transverseandthrough-thickness.
Highlyenhanceddegradationoccursalongthefiber-matrixinterface,acceleratinggrowthof
surfacelayersin theaxialdirection. Growthof surfacelayersin thetransverseandthrough-
thicknessdirectionsis slowerthatin theaxialdirection[16], exceptwhenresin-richmolded
surfacesarepresent[17]. In thesecases,thegrowthrateis initially enhancedbutastime
progressesthegrowthratereturnsto therateseenonsurfaceswithoutextraresin.

Generalcomposites,whichhavepliesatdifferentangles,exhibita morerapidweightloss
thanunidirectionalcomposites.Theweightlossatlongeragingtimesin cross-pliedcomposites
appearsto dependonly on thespecimenvolume[18]. Again,a surfacelayerforms(approximately
oneply thick)andmicrocracksdevelopatthesurface.However,microcracksalsoform in the
interiorof thecomposite.Tensilestressesdevelopin thematrixdueto residualthermalstresses
from curinganddegradationinducedshrinkage,leadingtocrackingof thematrix throughoutthe
laminate.Thecracksin thelaminateenhanceoxidationof thecompositeby providingadditional
pathsfor air to penetratethematerial.Thiscanleadto aviciouscircle,with oxidationpromoting
cracking,allowingmoreoxidation,andsoon [18].

Attemptshavebeenmadeto analyzeandmodelvariousaspectsof thisproblem. Massloss
rateshavebeenempirically fittedto Arrheniusratecurves[9, 19]. Thisapproachprovidesa
simplemeansto modelthestabilityof manydifferentsystemsbut is mostusefulasacomparative
modelif thephysicsof themasslossarenotseparatedout. Moresophisticatedmodelshave
combinedmodelingof thediffusionof oxygeninto thematerialwith chemicalreactionrate
equationsto predictmasslossandthegrowthof degradedlayers.In manysuchcasesaneffective
diffusioncoefficientmodelis used[8, 17]. In thesecasesanapparentdiffusivity is foundbased
on theexperimentalweight losscurvefor acomposite.Crackingof thedegradedlayershasbeen
predictedby modelingthedegradedlayersaslayerswith differentmaterialpropertiesin a finite
elementmodel[4]. Aging inducedchangesin viscoelasticpropertieshavebeenincorporatedinto
standardviscoelasticanalysistechniques[5].

Moregeneralanalysistechniquesarealsoavailablethatcanbeappliedto someaspectsof
thisproblem. Here,only thoseusedduringthisworkarenoted.Micromechanicalmodelsallow
thepredictionof compositepropertiesandbehaviorgiventhematrixandfiberproperties[20]. The
effectsof temperatureandmoistureoncompositepropertiescanalsobepredicted[21,22].
Existingsemi-empiricalanalysismethodsfor compositedurability [23] couldbeappliedto this
problem,althoughsuccessisunlikely asthesemethodsdonotaccountfor theuniquephysics
observedin thehightemperaturedegradationprocess.

Problem Statement

Given material properties (including chemical reaction constants, gas diffusivities and

mechanical properties), geometry (including composite volume fractions and lay-up) and the

environment (temperature and surface environment, as functions of time), predict the extent of

oxygen diffusion into the material, the chemical state of the matrix, matrix shrinkage and property

losses, and resulting ply and laminate properties and behavior.



Model
Approach

A model of the behavior of degrading composites is developed from basic engineering

principles. Emphasis is placed on modeling all relevant phenomena and their possible interactions;

therefore, the modeling of each phenomenon is kept as simple as possible. The model consists of

the following submodels:

- Fickian model of diffusion of oxygen from the environment

- Arrhenius model of degradation chemistry

- Empirical matrix shrinkage and mechanical property loss model

- Micromechanical model of effects at the ply level

- Laminated plate model

The first two models will be presented and their coupled implementation discussed. The next three

models, referred to here as the mechanical models, are fully described in [26]. The critical features

of these models, and the coupling between the diffusion and chemistry models and the mechanical

models, will be summarized here.

A flat plate of thickness 2h is considered. Its width and length are assumed to be much

greater than its thickness. It is composed of unidirectional composite plies of thickness t, aligned

to a reference axis at angle 0. Uniform in-plane loads N and moments M (stress resultants in the

notation of Jones, [24]) are applied at the edges. One or both faces are exposed to an oxygen-

containing atmosphere at time-varying temperature T and pressure P. It as assumed that the

thermal transient time is small comp_ed to that of all degradation mechanisms, so the temperature

throughout the plate is assumed to be T.

Diffusion Model

It is assumed that substances from the environment diffuse into the material according to

the following modified Fickian diffusion law.

(1)

where cs is the relative concentration of substance s, D{ is the non-isotropic tensor of diffusivity

of substance s through the composite material, and rs is the rate of consumption of substance s by

reactions. The calculation of r, is discussed below. The relative concentration c, is defined such

that when cs= 1 the material is locally saturated with substance s, while c, = 0 indicates its absence.

The diffusivity constants D_ are strongly dependent on temperature. Typically [25]

where Do and C are constants.

Dij and for each substance s.

D_ = Doe-clr (2)

Generally, a different Do and C are possible for each component of

Degradation Chemistry. Model

Simple Arrhenius reactions are assumed. The reactions may be temperature dependent only

(representing thermal breakdown of material) in which case the reaction rates as described by
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(3)

where o_ris a measure of the completeness of reaction r, and k r , Pr and Er are the rate constant,

order, and activation energy of the reaction respectively. The metric ar is taken to be equal to zero

at the beginning of the reaction, and one at the end.

Oxidative reactions (or, more generally, reactions requiring any substance k diffusing from

the environment) are modeled using the following rate law, where qr is the order of the

concentration dependence.

c?°_-----z-_oat=k,(1-o_ )mc q_ exp(-_@-) (4)

Implementation of Coupled Diffusion/Chemical Model

The diffusion and chemistry models are implemented using a 1-D computer code. Oxygen

concentration and degradation due to a single oxidative reaction are predicted as functions of time

and distance z from the surface. These quantities are assumed to vary continuously through the

thickness, so a large number of computational nodes are used. From Eq. 1,

_2C,,_
c9c°" - D'.'f _ For (5)

o5 - &-

and from Eq. 4

_t . -- ox j Cox \RT)
(6)

The consumption rate of oxygen r,,x is found from the reaction rate

rot = Ro¢ cga.... (7)
• . o_t

where Rox is a constant dependent on the chemistry of the reaction. The reduction in solid mass

due to reactions is also dependent on the chemistry of the reactions. It can be expressed as

m = m o - m o_,., (8)

Here, m, mo and mr represent the mass per unit original volume, the original mass per unit

volume, and the change in mass per unit original volume when the reaction is complete. Note m is

not necessarily equal to the material density, as the material may shrink during degradation,

changing the volume. If the material does not shrink, m equals the local material density p. The

total mass lost from a specimen of width W, length L, and thickness 2h is then

AM=2WL (m o-m) dz (9)



Equations 5-9 are solved numerically using an explicit finite difference scheme to predict
oxygen concentrations, reaction rates, reaction states, and mass loss as functions of time and

position, and total mass loss as a function of time. Initial conditions are Cox= 0 and aox = 0

everywhere. Boundary conditions are cox = 1 at the surface (z = 0), and no mass flux

(Ocox/_ = 0) at the midplane of the plate (z = 0)

Matrix Shrinkage and Mechanical Property Loss Model

The mechanical modeling of the degradation effects is performed on a ply-by-ply basis.

Thus, the progress of the oxidation reaction o_,,x,which is a continuous function of z, is averaged

across each ply. The result is the matrix degradation metric b. Taking the definition of b found in

[26] and averaging across a given ply k

_t

bk m o - m

z_ mo

-- da (10)

i b
Where t kis the ply thickness, and zk and zt are the positions of the top and bottom of ply k,

respectively. Substituting Eq. 8 into Eq. 10 yields

.t

Hl r r
"k_bk - I_t, ,,x dz

t k I17 o " _t-

(II)

showing that b_ is simply an expression of the average chemical degradation in the ply.

Matrix properties are assumed to degrade as a (empirical) function of bk. Matrix

degradation also causes an increase in void content 0 found from

(p=_o+ Db (12)

where _),,is the initial void content and D is an experimentally determined constant. Mass loss not

arising from the formation of voids is assumed to cause shrinkage, hence

(1- D)b
eb* - (13)

3

The shrinkage strain resembles a thermal strain. In a uniformly shrinking body free of restraint it

will not induce stress, but in a non-uniformly shrinking body and/or one in which deformations are

restrained, it can induce stresses.

Ply Level Model

The property changes in, and shrinkage of, the matrix causes property changes in, and

shrinkage of, unidirectional composite plies. The effects are calculated for each ply k in the

laminate. The ply properties are calculated by assuming that the fiber properties do not degrade

and the fibers do not shrink. Micromechanical techniques are used to determine the changes in ply

properties due to changes in the matrix properties [26].

The shrinkage of the matrix also causes shrinkage of the plies. A modified set of

micromechanical relations are used to calculate ply deformations due to matrix shrinkage. These
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relations,combinedwith Eq. 13,yield relationsbetweenply shrinkageandthedegradationmetric
b of the form

e_, = zl,b E22 = Z22 b (14)

where e_l and e_2 are ply shrinkage strains in the longitudinal and transverse directions, and the

Z's are shrinkage strain coefficients, derived in [26].

The in-plane stress-strain behavior of the degraded ply can now be described by

_= Q(e-_;r- e"-e*) (15)

or equivalently

G= Q(e- _T- _I&&I- )(b) (16)

where G is the ply in-plane stress vector, and a, at, ear, and _;* are the corresponding vectors of

strain, thermal strain, hygral strain, and shrinkage strain, and o_, 13, and X are the thermal, hygral,

and shrinkage coefficient vectors. The matrix Q is the reduced stiffness matrix, calculated using

the degraded ply material properties.

Laminated Plate Model

Equation 16 can be used in place of the conventional stress-strain relations to derive a

modified classical laminate plate theory to predict the stresses and strains in, and deformations of, a

laminated plate. Ply property degradations affect laminate properties, and ply shrinkage can cause

deformations of, and stresses in, the laminate. Failure criteria can be applied to determine which

plies fail, and in what mode. Details are given in [26].

Implementation of Mechanical Models

The matrix degradation, ply, and laminate models are implemented as modules of the ICAN

computer code. A complete description of this code is given in [20]; the new modules are

described in [26]. The user specifies laminate geometry, loadings, temperatures, moisture

contents, and degradation states. The user can also modify a material data base file containing

constituent material properties and the constants relating degradation to material property changes.

The output is a complete description of the laminate, including laminate properties and stresses and

strains in all plies.

Results

In this section, results from three studies are presented. Mass loss from a finite size

specimen is considered first. A fit to existing data is used to find approximate material constants,

then a parametric study is used to explore the relative importance of diffusion and reaction rates to

the degradations. The second study considers the shrinkage of a neat resin specimen of the type

used in the mass loss studies. Finally, the effect of non-uniform degradation on the results of

mechanical tests are considered.
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Mass Loss Tests

As reported by Bowles, Jayne and Leonhardt [7], 75 mm x 6.4 mm samples of neat resin,

either 6.4 mm or 2.5 mm thick, were isothermally exposed, and weight loss, shrinkage, and the

depth of a visible surface layer measured. The tests are analytically simulated using the coupled

diffusion and chemical reaction models. The constants needed to use the model were estimated

from available literature. Bowles [6] reported the activation energy for the mass loss degradation

mechanism to be 128 kJ/mol. Other studies have been carried out using thermogravimetric

analyses to measure both activation energies and pre-exponential constants. Kiefer, Yue and

Hinkley [19] performed tests on thermoplastic polyimides. The powdered samples used in these

tests gave approximately the same activation energy (121 kJ/mol) as in [7]. For this reason it was

decided to used the pre-exponential rate constant from this data as a starting point for determining

the actual constants. Limited information on the gas diffusivity of polymer matrix composites was

given in [8]. Water diffusivity is more widely studied. Values of Do and C, which fall in a

relatively narrow range, were reported in [25]. These were used as a starting point for further
calculations.

Preliminary values in Table 1 were taken as a starting point, and then a fit to existing mass

loss data [7] was used to establish constants. The fit achieved is shown in Figure 1. The resulting

fit constants are also given in Table 1. These constants should not be considered useful for

predictive calculations. Instead, they were used as a baseline for parametric calculations. No

information on the quantities of oxygen absorbed into polymer surfaces was available, so the

concentration Coxwas left as a relative, dimensionless parameter. No information was available on

the consumption rate Ro,, so it was set to a nominal value of 0.01. The initial density mo was set

to 1 300 kg/m 3, and the mass loss per unit volume during the reaction mr was taken to be 234

kg/m ?, based on the data from [7].

To compare the relative importance of the diffusion and reaction mechanisms, a non-

dimensional parameter _ is defined as

. .o-Eo_/RT

- K°_n-e (17)
D2

Large values of _' indicate that the mass loss will be limited by diffusion; small values indicate that

the reaction speed will limit the mass loss. If the consumption of the diffusing substance (rk in Eq.

5) is not too large, _can be shown to fully characterize the shape of the mass loss curve.

A parametric study was carried out. Mass loss calculations were repeated for each set of

D_2 and kox values given in Table 2. These values were normalized such that the total mass loss at
1 000 hours was held constant at 37 mg in each set of calculations. The results are shown in

Figures 2 and 3. Figure 2 shows that the shape of the mass loss vs. time curve depends on the

parameter _'. The effect of _"can be seen even more clearly in Figure 3, which shows the mass loss

rate. This figure includes the data of Bowles. It appears to confirm that in the case studied by

Bowles, the reaction is limited by diffusion. It was found that for small values of rox, _'entirely

controls the shape of this curve. The value of _ may be kept the same by simply increasing or

decreasing both D and k in the same proportion. The effect this has is to speed up or slow down

the overall reaction, but it does not change the curve shape.

The internal distributions of absorbed oxygen Co._and oxidation reaction progress c_ are

shown in Figures 4 and 5 for the case of _'= 24 090, the value which matched the mass loss data
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of Bowles. It is seenthatdegradationproceedsin from thesurface,pacedby theavailabilityof
oxygen.

Figure6and7 showtheabsorbedoxygenconcentrationandreactionprogressin thecase
where_= 0.1. Althoughnotentirelyuniform,degradationproceedsthroughoutthesample.By
studyingacompletesetof suchfigures,it wasdeterminedthatfor _valuesbelow 1000,the
degradationprocesswasreactionratelimited; for valuesfrom I 000to 5 000 it wasdependenton
both reactionrateandoxygendiffusion,andatvaluesabove5000it waslimited by theavailability
of diffusedoxygen.

Bowlesalsorecordedtheprogressionof theobserveddegradedlayer. Figure8 compares
Bowles'fit to hisempiricaldataandthepredictionsof themodel. It wasassumedthatwhen
ce=--0.25 at a point in the specimen the degradation is visible at that point. The good agreement

increases confidence that the model is capturing the correct phenomenon.

To parametrically study the effects of different temperatures, the dimensionless parameter _"

is reconsidered. To consider the temperature dependence of _o_, Eq. 2 is substituted into Eq. 17,

which yields

- k°xh2 e -(z°AR-c)/r (18)

A parametric study was carried out starting with the nominal values from the last line in Table 2,

and varying temperature. The cases studied are summarized in Table 3. At different temperatures,

the reactions proceed at very different rates. To allow a comparison of the different cases, the time

scale was normalized by to, defined as the time necessary to reach 37 mg mass loss in each case.

The value of to for each case is shown in Table 3. The resulting consolidated plot is shown in

Figure 9. The waviness of the curve at T=300K is a numerical artifact, due to the extremely long

times required (see Table 3). The mass loss curve shapes are very dependent on temperature. As

noted before, the mass loss curve shape is determined by 5, which also indicates the relative

importance of diffusion and reaction rate mechanism. Table 3 shows a wide range of _ values.

Over practical ranges of testing and use, _"appears to be very high, indicating diffusion dominated

behavior. At higher (accelerated testing) temperatures, _ is reduced but is still high enough to

indicate that the degradation mechanism remains diffusion dominated.

Shrinkage

The specimens of Bowles were modeled using the ply and laminate behavior models to

predict their shrinkage along their long axes. They were modeled as 3 layer laminates- two

degraded layers and a central core that is not degraded. The thicknesses of the degraded layers

were modified to account for the finite width of the specimens. This model is accurate for axial

stress and shrinkage predictions, which depend solely on the relative areas of the degraded and

undegraded material. Because of the changing degradation layer thickness, a new model was

constructed for each temperature and exposure time.

The diffusion/chemical reaction model was used to define the degradation state of the

specimen. The degraded layer thickness as a function of time was taken from predictions shown in

Figure 8. The ply degradation metric b for the degraded plies was then calculated using Eq. 11.

The ply model was used to find the response of the degraded layers, and the laminate model to find

the shrinkage of the entire specimen.
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Theshrinkageof thespecimenwaspredictedassumingnomechanicalloadsor residual

thermal stresses. It was assumed that D = 0.1, based on the observation of moderate void

formation in the degraded layer. The results are compared to the measured results in Figure 10.

As can be seen, the correlation is quite good. The results are essentially identical to the results

shown in [26]. In that case, the matrix degradation state was determined empirically, directly from

Bowles' weight loss and degradation layer thickness data.

The results provide insight into the mechanisms of specimen shrinkage. The mass loss in

the surface layer results in shrinkage, which is constrained by the unshrinking, undegraded core

material. The result is a net shrinkage of the entire specimen, and stresses in both the degraded

layers and the core. The core stress are compressive, and the stresses in the degraded layer are

tensile. These stresses reach sufficient magnitude to cause failure in the degraded layer. Although

insufficient data was provided in [7] for a quantitative correlation of this effect, the failure in the

surface layers predicted by the code qualitatively agrees with the observed surface layer cracking.

Bend Test for Mechanical Properties

Three- or four-point bending tests are a simple way to extract material properties at high

temperatures, but the results must be carefully interpreted. A 16-ply unidirectional laminate tested

in [2] is analyzed. The coupled models were used to predict degradation in the surface plies after

150 hours at 371 °C, the ply response to this degradation, and the laminate response to degradation

and bending loads. This study is more fully described in [26]. The axial stress distribution in the

laminate for the bending load just sufficient to fail the laminate is shown in Figure 11, along with

the stresses predicted for a uniform material under the same load. The apparent step-wise variation

in the stresses is an artifact of the code's calculation of a single stress for each ply, and is not

important. However, the top and bottom plies have stresses that differ significantly from those

predicted for a uniform material due both to shrinkage and changes in stiffness. These plies also

have differing strengths than the core plies due to degradation. These effects complicate accurate

interpretation of bending test data.

Conclusions

The models developed can replicate the observed physics of degrading polymer matrix

composite materials. Mass loss, shrinkage property changes, cracking and failure, and their

dependencies on temperature, time, and specimen geometry can be predicted with a coupled set of

simple models.

The coupled diffusion and chemical reaction models provide insight into the mechanisms of

degradation. A dimensionless parameter can be used to assess the relative importance of diffusion

and chemical reaction rates in controlling the behavior of a degrading specimen. This parameter is

dependent on material properties, specimen geometry, and test (or use) temperature. The behavior

of neat PMR-15 resin specimens under accelerated test conditions seems to be governed by

diffusion, and appears to become increasingly dominated by diffusion at lower (use) temperatures.

The predictions of the diffusion and chemical models can be used as input to models of

degrading and shrinking ply and laminate behavior. These models can be used to predict the

behavior of mechanical tests specimens. It is found that even simple tests such as neat resin

sample shrinkage measurements are in fact measurements of complex behavior. Severely degraded

surface layers shrink causing a lesser degree of overall specimen shrinkage, and setting up internal

stresses which ultimately cause the surface layers to crack. Mechanically loaded specimens such as

bending test specimens will behave in even more complex ways, with the mechanical loads,
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materialchanges,andshrinkage-induceddeformationsandinternalstressesall interacting.This
complexbehaviormustbetakeninto accountwheninterpretingtheresultsof suchtests.

It appearsthatrelativelysimplemodelsof therelevantphysicalphenomenoncanbe
combinedto successfullypredictthecomplexobservedbehaviorof degradingcomposite
laminates.Thesemodelsprovideinsightsinto themechanismsof degradation.Theyarealso
necessarytoolsfor interpretingtestresultsanddesigningacceleratedtests.Theusefulnessof the
modelswouldbe improvedby bothmoresophisticatedmodelsandbettermaterialpropertydata
bases.In particular,thereactionchemistryanddiffusionmodelscurrentlyusepropertiescollected
from severalsourcesandthenfit to existingdata.Theresultingdatabaseprovidesusefulinsights
butcannotbeusedfor predictivecalculations.
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TABLE 1--Empirical/model chemical reaction data

Eo_ Eo_/R(K ) log kox(S l) Do(mm2/s q ) C(K)

Starting Point
Data

Model Fit

128 15 395 7.81 16.1 5 690

128 15 395 6.81 4.31x104 18 000

TABLE 2--Parametric study values

OX '_ ]

log k,,_(s -_) log D._ mm-/s- )

0. I 4.48 -6.27

10 5.13 -7.59

100 5.51 -8.21

1 000 5.95 -8.76

10 000 6.54 -9.18

20 000 6.74 -9.27

24 090 6.81 -9.30

TABLE 3--_" and normalisation factor to as functions of temperature

T(K) _" to(hrs)

300 1.37x 10 s 5.65x 10 TM

400 15 615 2.45xi0 s

500 39 155 4.17x 104

561 24 090 1.00x 103

600 17 814 1.35x102

700 9 580 2.30
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